Background: Metastatic melanoma is a severe disease. Few experimental animal models of metastatic melanoma exist. MeLiM minipigs exhibit spontaneous melanoma. Cutaneous and metastatic lesions are histologically similar to human's. However, most of them eventually spontaneously regress. Our purpose was to investigate whether the MeLiM model could reveal markers of malignancy in human melanocytic proliferations.
Background
Cutaneous melanoma is a malignant tumor developing by transformation of melanocytes. Its worldwide incidence and mortality rate in fair-skinned populations are on the increase. Presence of metastases carries a severe prognosis because efficacious systemic treatments are still lacking. An earlier detection of the primary melanoma would help improve prognosis. To this aim, markers identifying malignant lesions are needed. Moreover, understanding the molecular bases of oncogenicity in melanocytic proliferation may contribute to the development of efficacious therapies. Among the animal models, the MeLiM (Melanoblastoma-bearing Libechov Minipig) strain affected by cutaneous melanoma is of particular interest. This swine model has been recently characterized [1] [2] [3] . Familial predisposition to cutaneous melanoma in MeLiM is neither linked to the CDKN2A gene [4] nor to BRAF [2] , but rather depends on the complex interactions between multiple genes [3] . In MeLiM, cutaneous tumors develop in utero or in the first 3 months after birth with an incidence reaching 50%. The cutaneous tumors disseminate to inner organs, with the highest incidence in lymph nodes. However, MeLiM tumors and human melanomas show a major difference in outcome: MeLiM melanomas present a high propensity to regress, by contrast with human melanomas [1, 5] .
To determine whether the MeLiM model could provide valuable information on markers of the disease in humans, we decided to identify genes involved in melanocytic proliferation in MeLiM and to then assess their expression in human specimens of normal skin as well as benign and malignant melanocytic lesions. The serial analysis of gene expression (SAGE) technology was chosen because, unlike microarrays, it gives a complete profile of the gene expression in the cells, regardless of the sequences to be analysed. SAGE libraries can be compared in silico to reveal genes specifically expressed in certain cell types [6] . Interfollicular melanocytes make up 4% of the cells in normal epidermis. To minimise the contribution of cells other than melanocytes, we constructed SAGE libraries from PigMel melanocytes derived from the skin of a healthy Meishan minipig [7] and from primary melanoma cells cultured from pulmonary melanoma metastases in MeLiM. We report here the differences in gene expression between malignant and normal melanocytes. The pattern of expression detected in situ in pig specimens of one of these genes, encoding RACK1, was confirmed in human melanocytic lesions. Our results unveil a marker of malignancy for human melanocytic proliferation.
Results

Comparative expression analysis between pig metastatic melanoma cells and melanocytes
Young MeLiM developed melanoma metastases in lymph nodes, liver, heart and lung. To isolate melanoma cells from lung metastases, primary cultures of tumors were performed under conditions optimised for pig melanocyte proliferation [7] . After 48 hr in culture, adherent cells were predominantly melanocytes. SAGE libraries were constructed from 2.5 millions of these metastatic melanoma cells (MMC) and control PigMel normal melanocytes (NM). A total of 11,700 and 11,300 tags were sequenced from the MMC and NM libraries, corresponding to 6,131 and 5,466 different tags (transcripts), respectively. Our data have been deposited at NCBI's Gene Expression Omnibus [8] and are accessible through the GEO Series number GSE5982.
To identify genes potentially involved in malignant progression, we compared the two libraries. Monte Carlo simulations yielded 70 tags statistically significant at p value < 0.05. Fifty-five (79%) matched expressed sequence tags (EST), the remaining 15 (21%) tags presented no matches. A majority of tags matched genes expressed at high levels. Among the EST, 39 (56% of tags) matched to known cDNAs, the remaining 16 (23%) could not be identified. The identified genes are involved in RNA processing and protein synthesis (20% of the 70 tags), transcription (7%), signalling (4%) and the rest corresponded to scattered functional classes (24%). The list of tags increased and decreased in MMC compared to NM, arbitrarily ordered by functional classes of the genes they represent, are shown in Tables 1 and 2 , respectively. Several of the genes in Table 1 have been shown to be differentially expressed in various tumors, compared to their normal counterparts. RPS12, Secernin, CDC10 were found to be upregulated in human colorectal tumors, gastric cancers, diffuse large B-cell lymphomas, respectively [9] [10] [11] . Similarly, genes listed in Table 2 like COXIII, were found to be downregulated in human glioblastoma [12] . The mRNA of GNB2L1 corresponded to a tag abundant 31 and 13 counts in MMC and NM, respectively. We chose to study GNB2L1 expression in melanocytes and melanomas in more detail because GNB2L1 encodes RACK1, receptor for activated C kinase, whose mRNA was found to be upregulated in human carcinomas [13] .
RACK1 mRNA overexpression in MeLiM melanoma
To define the distribution pattern of RACK1 mRNA, we performed in situ hybridisation onto pig sections of normal skin, and on samples of cutaneous melanoma and metastatic melanoma samples from lung, liver and lymph nodes. To avoid background in heavily melanogenic tumor areas, a bleaching treatment was added. Film autoradiography obtained with the antisense and sense probes showed a faint signal of RACK1 mRNA in healthy tissues, except in the lymph nodes where the signal was strong ( Figure 1A ), as reported in human lymph nodes [13] . By contrast, an intense signal was observed in tumoral regions of cutaneous melanoma, lung and liver metastasis samples; non-tumoral regions displayed a much lower signal ( Figure 1A ). The sense probe autoradiographic signal was almost negligible ( Figure 1B ). Darkfield illumination on emulsion autoradiography highlighted the silver grains on the tumoral region of lung melanoma ( Figure  1C ). These results confirmed the overexpression of RACK1 mRNA in melanoma, as predicted by our SAGE data.
Expression of RACK1 mRNA in pig tissues 
RACK1 protein localisation in skin, primary and metastatic melanoma in pigs
On tissue sections, identification of melanoma cells was achieved with an antibody against the microphthalmia transcription factor MITF, which produces a specific nuclear signal in melanocytes. Immunohistochemistry showed that normal melanocytes in the basal layer of control skin epidermis, were labelled for MITF (Figure 2A ). Tumoral cells in cutaneous melanoma as well as in metastases were also labelled with the MITF antibody ( Figure  2B , C). Unspecific labelling was not detected with this antibody ( Figure 2D-F) . Thus, MITF is a sensitive marker of the melanocytic lineage, useful to study melanoma progression in the pig.
To explore whether overexpressed RACK1 mRNA was translated, we analysed the cellular distribution of RACK1 protein by confocal microscopy, with double immunostaining for MITF. In control Meishan and healthy MeLiM skins, RACK1 protein was expressed in the epidermis, and found in the cytoplasm of keratinocyte ( Figure 3A-D) . In MITF-positive (MITF+) melanocytes, RACK1 expression was not detected ( Figure 3A , C). Consistent with this, when testing dopachrome tautomerase (DCT), a melanogenic enzyme restricted to melanosomes, double labelling of RACK1 and DCT did not overlap in normal skin ( Figure  3D ).
In cutaneous melanoma, nests of MITF+ cells expressed RACK1 protein ( Figure 4A ). The RACK1 signal was scattered in the cytoplasm, mostly in the perinuclear area (Figure 4A ). In metastases of melanoma to lymph nodes, lung and heart, RACK1 protein was abundant on MITF+ cells ( Figure 4B-D) . The RACK1 signal was cytoplasmic in MMC. However, an additional labelling on nuclear punctae was observed in 15% of MMC ( Figure 4B -D, yellow arrowheads). Thus, in MeLiM, RACK1 overexpression in tumoral tissues was observed in the cytoplasm of melanoma cells at different stages of progression, from cutaneous melanoma to melanoma metastases, with an additional nuclear localisation in MMC.
Nuclear RACK1 in pig melanoma cells is not associate with BDNF expression
Nuclear translocation of RACK1 has already been recorded [14] and was shown to mediate the induction of BDNF [15] . Since melanoma metastases express BDNF more frequently than primary melanomas [16] , we checked whether BDNF would be expressed in MeLiM metastases. No BDNF expression was found in melanoma cells of MeLiM metastases (data not shown).
High levels of RACK1 in human melanoma
To further investigate the expression of RACK1 in human melanoma, we ascertained its presence in a series of samples. Formalin fixed tissue from 4 normal skin biopsies, 14 nevi, 5 cutaneous and 18 metastases of melanoma were analysed using MITF as melanocytic marker [17] .
The results are summarized in Table 3 . In normal skin, RACK1 was present in negligeable amounts in melanocytes whereas adjacent keratinocytes displayed a strong cytoplasmic signal ( Figure 5A ). In nevi, RACK1 signal was heterogenous within a given nevus and between nevi showing two patterns: in 7 out of 14 nevi, RACK1 signal was either not detectable (arrowheads, Figure 5B -D) or faint (arrow, Figure 5D ). When detected in epidermal or dermal melanocytes, the signal was essentially membranous. In the 7 other nevi, a cytoplasmic or perinuclear signal was observed in nests of epidermal (arrow, Figure 5C ) as well as in dermal melanocytes. By contrast, in cutaneous melanoma, whether superficial spreading melanoma or recurrent dermal melanoma, MITF+ fusiform dermal cells as well as dermal nest of melanocytic cells displayed a strong RACK1 cytoplasmic signal which was homogeneous over the whole lesion ( Figure 5E , F respectively). In summary, RACK1 signal was low in nevi and very much increased in cutaneous melanoma.
In lymph nodes as well as in liver metastases, cells presented a strong granular, regular cytoplasmic pattern of RACK1 distribution underlining cell shape ( Figure 6A -D). RACK1 overexpression was consistently observed in all MITF+ cells from each of the 23 malignant melanoma samples examined. No nuclear RACK1 labelling was found in these melanoma samples. In summary, overexpression of RACK1 was detected in human melanoma with no apparent changes between cutaneous lesions and metastatic melanoma.
Altogether, screening of human lesions indicates a differential expression of RACK1 in nevi and melanoma. In benign nevi, RACK1 signal was low and heterogeneous on melanocytic cells. By contrast, RACK1 signal presented two distinct features in melanoma: a dramatic increase of intensity and an homogeneous cytoplasmic distribution over the lesion.
Activated PKCαβ detected in situ in human melanoma cells Finally, we checked whether activated protein kinase C (PKC) was a partner of RACK1 in melanoma cells. Double labelling for MITF and phospho-PKCαβ showed a distinct increase in PKC signal in metastases compared to nevi ( Figure 7A , B). When double labelling for RACK1 and phospho-PKCαβ was performed, both signals were observed in the cytoplasm of MMC ( Figure 7C, D) . Both proteins were expressed at higher levels in MMC compared to nevi and there was a partial cytoplasmic colocalisation. An additional nuclear signal for phospho-PKCαβ was detected in epidermal (not shown) and dermal (Figure 7C ) melanocytes and in metastatic melanoma cells (arrow in Figure 7D ). In cutaneous melanoma, phospho-PKCαβ signal was heterogeneous, lower or at the same level than in MMC (data not shown). These data suggest that PKCα and/or β are involved in the functional role of RACK1 in metastatic melanoma.
Taken together, these results demonstrate that RACK1 mRNA and protein are up-regulated in human melanomas as found in pig melanomas, and demonstrate a correlation between the melanoma tumoral status and high levels of RACK1. 
RACK1 expression in normal pig epidermis
Discussion
Few animal models exist for cutaneous malignant melanomas. The murine models require a combination of gain of function and loss of function mutations in a protooncogene and tumor suppressor gene, respectively [18] .
Severe sunburn in newborn mice may be needed to induce skin melanomas with high penetrance [19] . By contrast, the MeLiM swine model exhibits spontaneously cutaneous melanomas with histopathological features similar to those of human melanomas [1] . Here, we pro- vide evidence that the hereditary disorder in MeLiM is useful for the identification of regulatory complexes involved in the development of melanomas in humans. Indeed, we found that the adaptor protein RACK1 in pig melanoma is overexpressed as in human melanoma. This is the first time that a prediction based on the MeLiM model finds confirmation in human melanoma. This suggests that similar mechanisms may be operating in the malignant transformation of melanocytes in pigs and man.
Global gene expression profiling on melanoma using various techniques including SAGE has been reported. The nature of the starting material determines the outcome of the comparisons. Noteworthy, the results seem complementary, and differential expression of RhoC [20] , WNT5a [21] , NOTCH2 [22] , Ubc9 [23] and genes associated with calcium signalling [24] among others, highlighted pathways involved in cell motility, tissue invasion and resistance to apoptosis. In our SAGE analysis, the RACK1 tag was more abundant in the library established from primary culture of metastatic melanoma cells than in the library from normal skin melanocytes. Consistently, RACK1 mRNA and protein were not detected in normal epidermal melanocytes, while they were both found at high levels in tumoral cells of cutaneous and metastatic melanomas. RACK1 was barely detected in melanocytes of normal skin in pigs and humans. This is opposed to cultured pig and human melanocytes, in which RACK1 mRNA and protein expression is readily detected [25, 26] (and our observations). One explanation to this discrepancy is the microenvironment itself : in culture, melanocytes are grown as a pure population of cells with close interaction [27] , in a medium containing factors known to activate the RACK1 promoter [28] . It is noteworthy that melanoma cell lines express even more RACK1 than cultured melanocytes [26] . The latter observation suggests that RACK1 upregulation in MMC was maintained while Cellular distribution of RACK1 in human cutaneous melanocytic proliferations deriving the corresponding melanoma cell lines. Hence, it is plausible that RACK1 upregulation in melanomas, once established, does not depend on environmental signals provided by stromal cells but is stably inherited from cell to cell.
This study shows that RACK1 mRNA and its corresponding protein are systematically overexpressed in tumoral cells of cutaneous and metastatic melanomas. This holds true for all pig and human samples examined to date, whether pigmented or not. Instead, we detected a conspicuously lower expression in nevi. GNB2L1 encodes RACK1, an adaptor protein that modulates signaling from PKC, Src, and β-integrin in various systems [29] [30] [31] . Evidence for a role of RACK1 in the pathogenesis of melanoma comes from the recent discovery of the capacity of RACK1 to increase survival of MeWo human melanoma cells following UV induced-apoptosis [32] . Moreover, inhibition of RACK1 expression using siRNA was shown to reduce the tumorigenicity of MeWo in a xenograft tumor model [32] . These authors further proposed a role for RACK1, specific to melanoma, involving a crosstalk between ERK and JNK signaling [26] . In this model, RACK1 was shown to induce JNK activation by binding activated PKC, but the PKC isoforms involved were not identified.
PKC is a family of lipid-regulated serine/threonine kinase isozymes which differ in their activation and are differentially expressed in tissues and cell types [33] . Upon activation, PKC translocates subcellularly by specific binding to anchoring proteins like RACK1 [29] . PKC, the main target of TPA, has important roles in cell-cycle regulation, cell survival, malignant transformation and apoptosis [34] . PKC in melanocytic lineage has been widely studied because TPA is essential for in vitro growth of normal melanocytes [35, 25] and because it was shown to affect the metastatic potential of these cells [36] . Again, studies on cultured melanocytes and melanoma cell lines do not always reflect the actual situation in the whole organism. Hence, the contribution of PKC in melanoma is still controversial. WNT5A, identified as a robust marker of highly invasive human melanoma cells [21] was shown to mediate motility through activated classical PKCs [37] . An additional effect of PKC on melanoma was recently underlined by a study of the aberrant expression of claudin-1 in melanoma [38] . Conversely, PKCβ expression was reported lost in 90% of melanoma cell lines [39] [40] [41] . Recently, the expression of PKCα and δ isoforms, in contrast to PKCβ, was reported in skin and lung melanoma sections, but it was not specified whether the antibodies recognized the activated isoforms or not [41] . Based on these observations, we analysed phospho-PKCαβ expression in human melanomas. The activated PKCαβ signal was stronger in malignant samples, but only partially colocalised with RACK1. RACK1 is known to bind activated PKCβ II [42] and to a lesser extent activated PKCα [43] . Nuclear signal of phospho-PKCαβ could be ascribed mainly to PKCα [44] although nuclear PKCβ II has also been reported [45] . Altogether, our results on the partial colocalisation of RACK1 and phospho-PKCαβ signal suggest that RACK1 binds more likely to activated PKCβ II than to PKCα in melanoma cells. The remaining RACK1 interacts probably with other PKC isoforms like PKCδ [41, 37] or other proteins.
Few studies have detected up-regulation of RACK1 in human cancer specimens [13, 46] . RACK1 mRNA was found to be strongly expressed in five non-small cell lung carcinomas, mainly in the endothelium of large vessels [13] . RACK1 mRNA was also highly expressed in 11 cases of colorectal cancer, with a stronger expression in carcinoma cells than in the stroma [46] . Recently, RACK1 upregulation was found to be part of the gene signature associated with shorter metastasis-free survival in breast cancer patients [47] . RACK1 contains seven internal WD40 repeats which confer either stable or reversible binding capability to other proteins. Almost 60 proteins interacting with RACK1 have been described to date. RACK1 could affect cell transformation at multiple levels, increasing proliferation rate, migratory capacity, anchorage independent growth, or resistance to apoptosis [48] .
Histopathological features of early stages of melanoma are still ill defined. Clearcut prognostic markers for melanoma which could be used to stratify patients for adjuvant treatments are lacking. Although this study is fairly descriptive, it provides a thorough analysis of RACK1 immunohistochemical detection in human melanoma samples at different stages. The number of samples in our study was limited and should be further increased, but the clear difference in the level and in the homogeneity of RACK1 expression between melanocytic cells in nevi and in cutaneous or metastatic melanoma suggests that RACK1 antigen could be used as a marker of malignancy in human melanocytic proliferation.
Conclusion
We found that RACK1 overexpression characterized cutaneous melanoma in the MeLiM swine model as well as in human patients. We propose that RACK1 immunolabelling could be used as a potential marker of malignancy in melanocytic proliferation. Our work supports the view that the MeLiM strain provides a relevant model to study the complex mechanisms involved in melanocytic malignant transformation in humans. The additional data issued from our SAGE analysis will probably help in discovering other proteins not yet identified as involved in melanoma pathophysiology and diagnosis of melanoma.
Methods
Pig (Sus scrofa domestica) tissues
Affected MeLiM males were mated with healthy Duroc or MeLiM sows at the National Institute for Agricultural Research (INRA, Jouy-en-Josas, France) [1, 4] . Animal care and use in this study were approved by the INRA ethics committee, in accordance with European Union standards. Biopsies from 3 month-old or younger MeLiM, bred either in France (n= 13) or in the Czech Republic (n = 3), were used. They included cutaneous melanoma consisting of superficial spreading melanoma (n = 2) and nodular melanoma (n = 7) and metastases in lymph nodes (n = 13), lung (n = 10), liver (n = 1), heart (n = 2) and spleen (n = 3), as well as healthy skin (n = 10). Samples of dorsal cervical skin of a healthy pigmented Meishan pig were used as controls. Collected tissues were fixed in 4% buffered paraformaldehyde (PFA) and embedded in paraffin.
Isolation of metastatic melanoma cells and culture of control melanocytes
Tumor biopsies of lung from a young MeLiM were used to isolate melanoma cells. Conditions for primary cultures of pig melanocytic cells were as described [7] . TPA was added on the second day of culture. After 48 hours cells were rinsed, lysed in Dynabead mRNA direct kit binding buffer (Dynal, Invitrogen, Cergy Pontoise, France) and frozen in liquid nitrogen. Control melanocytes were the non transformed PigMel cells at passage 37 [7] .
Construction of SAGE libraries
Libraries were generated using the SAGE adaptation for downsized extracts (SADE) method using Sau3A as the anchoring enzyme, as described in [49] with a centrifugation of cell lysates to discard melanin. One thousand clones from each library were sequenced. Sequencing reactions were performed by MWG (Martinsried, Germany).
Tag identification and cloning of the probes SAGE tags were extracted from sequence files and processed to remove duplicate ditags, linker sequences and repetitive tags using the SAGE 2002 version 4.5 software [6] . Statistical significance was determined using Monte Carlo simulation analysis included in the SAGE software. A P value of less than 0.05 was considered significant. Tags were identified using the mammalian Genbank database [50] analysed by the SAGE software, or the [51] . Pig RACK1 partial cDNA corresponding to the nucleotide sequence -70 to 900 bp from the ATG start codon was subcloned into pCR4TOPO plasmid (Invitrogen). The resulting plasmid was linearized with NotI or PmeI to obtain sense or antisense RNA probes, respectively. In vitro transcription was performed as described [52] .
In situ hybridisation of heavily pigmented samples
In situ hybridisation was performed as described [53] with modifications to bleach the sections. Briefly, deparaffinized 5 µm sections were treated for 15 minutes with 0.075% KMnO 4 and discoloured for 1 minute in 5% oxalic acid with brief rinses between and after treatments. Sections were fixed for 20 minutes in 4% PFA, rinsed, dehydrated and air-dried. Sense or antisense radiolabelled riboprobes at about 15 × 10 6 cpm/ml were hybridised as described [52] . Slides were exposed to Biomax MR films (Kodak, France) for 3 days, then dipped in Kodak NTB2 emulsion and exposed for 4 weeks.
Human tissues
Human melanoma tissues were obtained at the Curie Institute (Paris, France) from patients undergoing lymphadenectomy (n = 13), hepatectomy (n = 5) or epidermal cutaneous resection (n = 19). Cutaneous melanoma specimens consisted of 2 superficial spreading melanoma stages IV (Breslow depth of 2,35 and 2,5 cm) and 3 recurrent dermal cutaneous melanoma. Samples from 37 patients, 25 women and 12 men, were examined. Normal skin from breast plastic surgery was used as control (n= 4). Tissues were fixed either in 4% PFA (n = 38) or in Bouin fixative (n = 2) and embedded in paraffin 
